Objective: Besides seizures, patients with epilepsy are affected by a variety of cognitive and psychiatric comorbidities that further impair their quality of life. The present study provides an in-depth characterization of the behavioral alterations induced by 6 Hz corneal kindling. Furthermore, we correlate these behavioral changes to alterations in c-Fos protein expression throughout the brain following kindling. Methods: Adolescent male Naval Medical Research Institute (NMRI) mice were kindled via repetitive subconvulsive 6 Hz corneal stimulations until they reached the fully kindled state (defined as 10 consecutive generalized seizures). Afterwards we performed an elaborate battery of behavioral tests and we evaluated cFos expression throughout the brain using immunohistochemistry. Results: Fully kindled mice display an abnormal behavioral phenotype, characterized by basal and amphetamine-induced hyperlocomotion, anhedonia, social withdrawal, and deficits in short-and long-term memory. Moreover, 6 Hz corneal kindling enhances c-Fos immunoreactivity in the visual, parahippocampal, and motor cortices and the limbic system, whereas c-Fos + cells are decreased in the orbital cortex of fully kindled mice. Significance: The behavioral outcomes of 6 Hz corneal kindling cluster into 3 main categories: positive symptoms, negative symptoms, and cognitive impairment. These symptoms are accompanied by c-Fos activation in relevant brain regions once the fully kindled state is established. Based on the face validity of this model, we speculate that 6 Hz corneal kindling can be used to model not only pharmacoresistant limbic seizures, but also several neurobehavioral comorbidities that affect patients with epilepsy.
| INTRODUCTION
Together with chronic unpredictable seizures, a variety of cognitive and psychiatric comorbidities affects 1 in 2 patients with epilepsy, further deteriorating their quality of life. 1 Intriguingly, the detrimental processes that underlie these comorbidities are thought to interact with those inducing seizures and to be positively correlated with resistance to antiseizure drugs (ASDs). 2 Symptoms of neurologic and psychiatric disorders often overlap. In recent years, the United States National Institute of Mental Health has therefore promoted a diagnostic approach that promotes a polythetic classification of mental disorders in the domains of several symptoms. 3, 4 Positive or psychotic-like symptoms, for instance, are often observed in patients with schizophrenia, bipolar disorder, attention-deficit/hyperactivity disorder, and epilepsy. 4, 5 In addition, endophenotypes of psychosis, as evaluated by locomotor hyperactivity or disruption of the prepulse inhibition of the startle response, have been described in genetic and post status epilepticus preclinical models of epilepsy. 6, 7 Symptoms of the negative valence system, such as fear and anxiety, manifest in disorders such as depression, which is the main comorbidity of epilepsy. 8 Moreover, patients with depression, but also autism, schizophrenia, and bipolar disorder, withdraw social interactions and, intriguingly, pilocarpine-treated mice appear socially aversive. 7 Although the range of cognitive problems can vary, disrupted learning, attention, working, spatial, and visual and contextual fear memory accompany most brain disorders. 9 In epilepsy, the origin of cognitive comorbidities is still uncertain. Nonetheless, seizure activity, ASDs, and neuronal reorganization are thought to be major contributors. 10 Kindling models are based on the paradigm that repetition of subconvulsive stimulations produces a progressive increase in "epileptic" response, eventually driving bilateral tonic-clonic seizures. Because the pharmacology of these seizures closely reproduces the clinical condition, kindling models of chronic induced seizures have been widely used in drug discovery. 11 Moreover, kindling of different brain regions has contributed to map the seizure networks from the epileptic focus to the generalized convulsions. 12 However, direct electrical stimulation of deep limbic structures is rather expensive, labor-intensive, and requires surgical procedures and electroencephalography monitoring, whereas valid alternatives have been proposed throughout the years. The 6 Hz corneal kindling model, for instance, is a noninvasive and reliable alternative to well-established kindling models. Because low potency of clinically used ASDs was described in this model, 6 Hz corneal kindled mice are valuable tools for screening new ASDs drugs against refractory seizures. 13 Besides, the high degree of control over the induction of seizures suggests that kindling models such as the 6 Hz corneal kindling model might be particularly suitable for investigating interictal comorbidities of epilepsy. Nonetheless, no study has yet investigated behavioral changes induced by this model. A current issue in epilepsy research is to address as many clinical, pharmacologic, and behavioral aspects of the complex phenomenology of epilepsy in animal models. Our present contribution consists of a thorough behavioral characterization of the 6 Hz corneal kindling model. We aimed to unravel whether this model recapitulates, beside pharmacoresistance, cognitive and psychiatric comorbidities of epilepsy. Moreover, we studied whether the observed behavioral disturbances could be linked to changes in c-Fos immunoreactivity throughout the brain.
| MATERIALS AND METHODS

| Animals
Animal experiments were performed according to the national guidelines on animal experimentation and were approved by the Ethical Committee for Animal Experiments of the Vrije Universiteit Brussel. Results are described in accordance to the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines. Seventy adolescent male Naval Medical Research Institute (NMRI) mice were purchased from Charles River Laboratories, L'Arbresle Cedex, France. Mice weighed 25-35 g at the beginning of the experiments. Mice were housed in groups of 3-5 animals per cage at a constant temperature of 25°C, in a 12/12 hour light/dark cycle, with free access to food pellets (A03, SAFE, Augy, France) and tap water.
| 6 Hz corneal kindling model
Experiments were divided over 2 test batches and corneal kindling was performed as previously described by Leclercq et al. 13 with few adaptations. For a detailed
| Behavioral assessment
Starting from WEEK 6, corneal kindled and mock-stimulated mice were stimulated twice a day on Monday and Thursday and behavioral tests were performed 24 hours after the second stimulation of the day. The first batch of mice was subjected to the following behavioral tests: elevated plus maze (EPM), open field test (OFT), spontaneous alternation in a Y-maze, mouse tail suspension test (MTS), delayed Y maze (with an interval between training and test of 15 min), and novelty suppressed feeding (NSF). At the end of the behavioral assessment, mice visual acuity was tested using the visual cliff avoidance test. The second batch of mice was randomly divided in 2 groups, which received an intraperitoneal (ip) injection of 0.5 mg/kg D-amphetamine sulfate (AMPH; Sigma-Aldrich, Saint Quentin Fallavier, France) or physiologic saline (SHAM) followed by the evaluation of their locomotor response using an adapted version of the OFT.
Only the mice that received a SHAM injection were then subjected to a delayed Y-maze test (with an interval between training and test of 24 hours), the social preference paradigm, passive shock avoidance (PSA), and the saccharin intake test. For the delayed Y-maze, PSA, and saccharin intake tests, which required >1 day, experiments were performed on 2 consecutive days, starting 24 hours after the last stimulation of the day. At the end of the behavioral assessment, we evaluated the minimum shock intensity required to evoke a vocalization as behavioral response. For a representative scheme of our experimental design, see Figure 1B , and for a detailed description of the behavioral tests, see Data S1.
| c-Fos immunohistochemistry and quantification of c-Fos positive cells
At the end of the experiments, fully kindled and mock-stimulated mice received an additional 6 Hz corneal stimulation. 
| RESULTS
| 6 Hz corneal kindling evokes persisting generalized seizures and affects body weight
The optimal subconvulsive current intensities were identified as 17 and 19 mA, respectively, for the first and second batches of mice, using 0.2 msec monopolar pulses at 6 Hz and 3 s of duration. As shown in Figure 1A , corneal kindling initially led to the development of partial seizures (WEEK 1, mean seizure severity score AE SD: 1.2 AE 0.5), which eventually generalized by the end of the fifth week (WEEK 5, 3.6 AE 0.8). Six of 43 mice did not reach the fully kindled state within 8 weeks and were excluded from the experiments. Once mice reached the fully kindled state, generalized seizures persisted throughout the behavioral characterization (WEEK 6, 3.8 AE 0.8; WEEK 7, 3.7 AE 0.8; WEEK 8, 3.6 AE 1.0). Corneal kindled mice received approximately 57 AE 4 electrical stimulations, whereas control mice received 62 mock stimulations. Compared to mock-stimulated mice, 6 Hz corneal kindling significantly reduced body weight gain throughout the 8 weeks of experiment (kindling factor: F 1,450 = 17.92, P < .0001; Figure 1C) . Visual acuity was assessed using the visual cliff avoidance test and did not differ between mock-stimulated and corneal-kindled mice (P = .7652; Figure 1D ).
3.2 | 6 Hz corneal-kindled mice are consistently hyperactive and show increased sensitivity to 0.5 mg/kg amphetamine The spontaneous horizontal activity was evaluated by the distance traveled in 30 min of OFT, which was increased significantly in the 6 Hz kindled group compared to the mock-stimulated group (kindling factor: F 1,114 = 11.89, P = .0008; Figure 2A ). The total number of entries in the continuous spontaneous alternation Y-maze paradigm was also significantly increased by 6 Hz kindling procedure (P = .0268; Figure 2B ). Moreover, when we performed MTS to assess depressive-like behavior, fully kindled mice were significantly less immobile than mock-stimulated mice (P = .0013; Figure 2C ). This result is potentially a consequence of the hyperactive features observed in fully kindled mice rather than an antidepressant effect.
To investigate whether corneal kindling affects sensitivity to central nervous system stimulants, distance traveled and velocity were assessed after SHAM or AMPH injections. Although fully kindled and mock-stimulated mice similarly habituated to the novel environment, kindled mice displayed an overall increased behavioral response to 0.5 mg/kg AMPH compared to their mock-stimulated littermates (distance traveled: kindling factor: F 1,204 = 49.41, P < .0001, Figure 2D ; velocity: kindling factor: F 1,204 = 39.59, P < .0001, Figure 2E ). When plotting the area under the curve of distance traveled and velocity after injection, the Tukey's multiple comparison test showed a significant difference between AMPH-injected fully kindled and mock-stimulated mice (distance traveled: P = .0120, Figure 2F ; velocity: P = .0183; Figure 2G 3.3 | 6 Hz corneal kindling does not lead to anxiety-like behavior but triggers anhedonia and disrupted social interaction Fully kindled and mock-stimulated mice spent a comparable amount of time in the center of the arena when evaluating the first 5 min (P = .7779; Figure 3A ) and the entire trial of 30 min (P = .1581; Figure 3B ), indicating that both F I G U R E 2 6 Hz corneal kindling triggers basal and AMPH-induced hyperlocomotion. The spontaneous horizontal activity assessed in the first batch of mice in a 30 min open field test was overall significantly increased in 6 Hz corneal kindled mice (A). Due to a technical issue with the detection settings, 3 mice were excluded from this experiment. Hyperlocomotion was also observed by the enhanced total number of entries in the continuous spontaneous alternation Y-maze paradigm (B). Moreover, the observed increase in basal activity biased the mouse tail suspension test used to assess depressive-like behavior, as immobility was significantly reduced in corneal-kindled mice (C). Kindled mice also displayed an overall increased behavioral response to 0.5 mg/kg AMPH compared to their mock-stimulated littermates, both comparing the overall distance traveled (D) and velocity (E) in the open field test and plotting the area under the curves after the injection (F, G). A representative heat-map plot of the position during the open field test of SHAM and AMPH-injected mock-stimulated (H, K) and fully kindled mice (I, J) is shown. Data are presented as mean AE SD and sample size is indicated in the figure. Statistical analyses were performed using unpaired t test with Welch's correction (B-E) or 2-way ANOVA (A, F-I). Kindling-induced effects: *P < .05, **P < .01, ***P < .001, ****P < .0001; amphetamine-induced effects: $P < .05, $$P < .01, $$$P < .001, $$$$P < .0001. AMPH, amphetamine; SHAM, saline the immediate reaction to the open field arena and the habituation were not affected by corneal kindling. In line with these observations, the time spent in the open arms of the EPM was similar between fully kindled mice and their mock-stimulated littermates (P = .6427; Figure 3C ), further suggesting that 6 Hz corneal kindling does not lead to anxiety-like behavior. Nonetheless, when we performed the NSF to assess both anxiety-like behavior and anhedonia, fully kindled mice showed increased latency to feed (P = .0345; Figure 3D ). Moreover, in the saccharin preference test, 6 Hz corneal kindling significantly affected saccharin preference (P = .0002; Figure 3E ), pointing to anhedonic-like behavior in mice that reached the fully kindled state.
Using the relative exploration time between an unfamiliar congenic mouse and an inanimate dummy object, we show that fully kindled and mock-stimulated mice display a clear preference for the unfamiliar mouse, indicating intact social preference (P = .6386; Figure 3F ). Nevertheless, when we observed the relative time spent with the dummy object and the stranger mouse, 6 Hz corneal kindling induced overall decreased interactions (kindling factor: F 1,36 = 8.627, P = .0057; Figure 3G ). Moreover, a Tukey's multiple comparisons test showed a trend toward a difference between fully kindled and mock-stimulated mice in interacting with the stranger animal (P = .0533), revealing disrupted social interaction due to the kindling procedure. . The latency to feed in the novelty suppressed feeding paradigm was significantly higher in 6 Hz fully kindled mice (D). Due to an unexpected noise in the experimental room, 2 mock-stimulated mice had to be excluded from the experiment. Moreover, the preference for a 0.2% saccharin solution was decreased compared to mock-stimulated mice (E). No differences were observed in the social preference between a dummy and a stranger mouse in the social interaction test (F); nonetheless, 6 Hz corneal kindling induced overall decreased interactions and a trend toward a difference between fully kindled and mock-stimulated mice in interacting with the stranger animal was observed (G). Data are presented as mean AE SD and sample size is indicated in the figure. Statistical analyses were performed using unpaired t test with Welch's correction (A-F) or 2-way ANOVA (G). Kindling-induced effects: (*) P < .07, *P < .05, **P < .01, ***P < .001; social preference-induced effects: $$$$P < .0001
To measure spatial working memory, we analyzed the spontaneous alternations performance (SAP), which was found unaltered by 6 Hz corneal kindling (P = .2325; Figure 4A ). On the other hand, short-and long-term spatial and contextual fear memory was affected by kindling in all behavioral paradigms examined. Depending on the protocol, the delayed Y maze can be used to assess short-and long-term spatial memory. In fully kindled mice we observed a decreased time spent in the novel arm of the Y maze compared to mock-stimulated mice, both after 15 min (P = .0369; Figure 4B ) and 24 h (P = .0236; Figure 4C ) between the training phase and the test. In addition to the Y maze, memory was studied using the PSA paradigm consisting of 2 training sessions with an interval of 90 min in-between, followed by the test performed 24 hours later. As parameter for learning and fear memory we used the latency to enter the dark compartment, and 2-way ANOVA revealed a consistent impairment in fully kindled mice compared to their mock-stimulated littermates (kindling factor: F 1,54 = 85.13, P < .0001; time factor: F 2,54 = 56.84, P < .0001; kindling-time factor: F 2,54 = 18.40, P < .0001; Figure 4D ). Mock-stimulated mice learned the PSA task after only one training session (first training session vs second training session: P < .0001) and their learning was stable throughout time (first training session vs test session: P = .0060). On the other hand, fully kindled mice needed 2 trial sessions to learn the task (first training session vs second training session: P = .7033), reaching a partial improvement only during the test session (first training F I G U R E 4 Short-and long-term memory is strongly impaired in fully kindled mice. The total percentage of correct spontaneous alternations in the Y maze was used to assess working memory and found to be unaltered by 6 Hz corneal kindling (A). On the other hand, both spatial and contextual fear memory were deeply affected by kindling in all behavioral paradigms examined. In fully kindled mice we observed a decreased time spent in the novel arm of the Y maze compared to mock-stimulated mice, both 15 min (B) and 24 h (C) after the training phase. In the passive-shock avoidance task, the latency to enter the dark compartment was significantly decreased in fully kindled mice compared to their mock-stimulated littermates (D). Nonetheless, no differences in pain sensitivity were observed between fully kindled and mock-stimulated mice (E). Data are presented as mean AE SD, and sample size is indicated in the figure. Statistical analyses were performed using unpaired t test with Welch's correction (A-C, E) or 2-way ANOVA (D). Kindling-induced effects: *P < .05, ****P < .0001; time-induced effects: $P < .05, $ $P < .01, $$$P < .001, $$$$P < .0001; interaction-induced effect: ####P < .0001. SAP, spontaneous alternations performance session vs test session: P = .0004; second training session vs test session: P = .0293). Nonetheless, although no differences were observed in the first training session (P = .9872), Tukey's multiple comparisons test showed a strong impairment in fear contextual memory in fully kindled mice, both in the second training (P < .0001) and in the test (P < .0001) sessions. To assess whether these differences were due to different pain sensitivity, we evaluated the minimum shock intensity required to evoke a behavioral response. Pain threshold was similar between fully kindled (0.3667 AE 0.08667 mA) and mock-stimulated mice (0.3182 AE 0.07508 mA; P = .3204; Figure 4E ), indicating that both groups could feel the electrical foot shock delivered at 0.5 mA in the PSA task. Moreover, because no differences were observed between fully kindled and mockstimulated mice in the first training session of the PSA, both groups showed an equivalent level of aversion for the light compartment.
3.5 | c-Fos immunoreactivity unravels significant changes not only in limbic regions but also in parahippocampal, motor, visual, and orbital cortex c-Fos immunoreactivity was quantified in several regions of interest (ROIs) identified in different brain slices (+2.58, +1.1, À1.94, and À3.08 mm to bregma). The primary visual cortex (V1) was significantly affected by kindling, probably as a direct consequence of corneal stimulations (P = .0016; Figure 5D ). In fully kindled mice, we also observed increased c-Fos immunoreactivity in several areas of the cortex located in the medial temporal lobe, involved in longterm memory formation and critically impaired in epilepsy, such as piriform (Pir) (P < .0001; Figure 5B ), ectorhinal (Ect) (P = .0286; Figure 5C ), perirhinal (PRh) (P = .0083; Figure 5C ), and lateral entorhinal (LEnt) (P = .0095; Figure 5C ) cortices. Moreover, 6 Hz corneal kindling induced significantly increased c-Fos expression in core limbic regions, such as amygdala (lateral, LA: P = .0093; basolateral, BLA: P = .0005; Figure 5C ), hippocampus (dentate gyrus, DG: P = .0061; cornu ammonis 1, CA1: P = .0283; CA3: P = .0117; Figure 5C ), and cingulate cortex (Cg) (area 1, Cg1: P = .0006; area 2, Cg2: P < .0001; Figure 5B) , whereas no significant differences were observed in CA4 (P = .1277; Figure 5C ). In line with the consistent hyperactivity observed in fully kindled mice, we showed increased c-Fos protein expression in the motor cortex (primary, M1: P = .0003; secondary, M2: P = .0021; Figure 5B) . No differences were observed in the nucleus accumbens (Acb) (core, AcbC: P = .0944; shell, AcbSh: P = .4597; Figure 5B ), supramammilary nucleus (SuM) (P = .6320; Figure 5D ), ventral tegmental area (VTA) (P = .7133; Figure 5D ), and substantia nigra (pars compacta, SNc: P = .9172; pars reticulata, SNr: P = .1364; Figure 5D ). Of interest, a significant decrease in c-Fos immunoreactivity was quantified in the dorsolateral side (lateral, LO: P = .0205; dorsolateral, DLO: P = .0401; Figure 5A ) as well as a trend in the ventral side (ventral, VO: P = .0721; Figure 5A ) of the orbital cortex. No significant differences were seen in the medial orbital cortex (MO: P = .2303; Figure 5A ).
| Correlation between behavioral outcomes of 6 Hz corneal kindling and c-Fos immunoreactivity
To evaluate whether the behavioral alterations in fully kindled mice could possibly be linked to the activity of certain brain regions, we correlated several parameters obtained via the behavioral characterization with c-Fos immunoreactivity (see Table S1 ). The time spent exploring the stranger mouse correlated inversely with c-Fos protein expression in PRh (P = .0002) and LEnt (P < .0001) ( Figure 6 ).
| DISCUSSION
c-Fos is used widely to assess cellular activity, and its suppression has been indicated as a possible anticonvulsant mechanism, suggesting its potential role in the development of kindling and epileptogenesis.
14,15 c-Fos expression requires high influx of calcium through N-methyl-D-aspartate (NMDA) receptors and voltage-sensitive calcium channels, therefore mainly reflecting glutamatergic neurotransmission, which is strongly modulated by other neurotransmitters, such as c-aminobutyric acid (GABA), and dopamine. 16 So far, only few studies evaluated the effects of 6 Hz corneal stimulations on brain activation. Barton et al. characterized the 6 Hz psychomotor model of acute seizures, investigating c-Fos immunoreactivity in response to different stimulus intensities. Although low stimuli (22 and 32 mA) led to intense c-Fos expression in only amygdala and Pir, higher intensity (44 mA) also induced c-Fos immunoreactivity in the DG. 17 Moreover, 4
repeated corneal stimulations (6 Hz, 32 mA) evoked seizures, which appeared first in the frontal cortex and then spread to the hippocampus, suggesting the establishment of an epileptogenic process. In this paradigm a significant increase in neuronal activity was observed in the lateral amygdala after the fourth session, and in the hippocampus after the first session, which vanished to control levels after repeated corneal stimulations. 18, 19 Consistent with the previous findings, we observed elevated c-Fos immunoreactivity in the amygdala, hippocampus, and Cg. Because the DG is a limbic structure often recruited in models of pharmacoresistant seizures and TLE, 17,20 increased c-Fos
F I G U R E 5 c-Fos immunoreactivity unravels significant changes, not only in limbic regions but also in motor, visual, and orbital cortex.
c-Fos immunoreactivity is represented as the number of c-Fos-positive cells per mm 2 and was assessed around 2.58 mm anterior to bregma in the orbital cortices (A); around 1.1 mm anterior to bregma in the motor, cingulate, and piriform cortex (B); around 1.94 mm caudal to bregma in the amygdala and in the hippocampus (C); and around 3.08 mm caudal to bregma in the supramammillary nucleus, the ventral tegmental area, the substantia nigra, and in the ectorhinal, perirhinal, lateral entorhinal, and visual cortices (D). Representative images of c-Fos stainings throughout the brain are shown below each graph (scale bar, 200 lm). Data are presented as mean AE SD and sample size is indicated in the figure.
Statistical analyses were performed using unpaired t test with Welch's correction or Mann-Whitney test. *P < .05, **P < .01, ***P < .001, ****P < .0001. MO, medial orbital cortex; VO, ventral orbital cortex; LO, lateral orbital cortex; DLO, dorsolateral orbital cortex; M1, primary motor cortex; M2, secondary motor cortex; Cg1, cingulate cortex area 1; Cg2, cingulate cortex area 2; Pir, piriform cortex; AcbC, nucleus accumbens core; AcbSh, nucleus accumbens shell; LA, lateral amygdala; BLA, basolateral amygdala; DG, dentate gyrus; CA1, cornu ammonis 1; CA3, cornu ammonis 3; CA4, cornu ammonis 4; SuM, supramammillary nucleus; VTA, ventral tegmental area; SNr, substantia nigra pars reticulata; SNc, substantia nigra pars compacta; Ect, ectorhinal cortex; PRh, perirhinal cortex; Lent, lateral entorhinal cortex; V1, primary visual cortex expression in this region might reflect the lower ASD efficacy observed in this model. 13 In addition, we observed increased c-Fos immunoreactivity in the surrounding parahippocampal cortices, such as Pir, Ect, PRh, and LEnt.
McIntyre et al. 12 previously demonstrated that, although the amygdala and the hippocampus initially have the lowest afterdischarge threshold (ADT), the ADT in the surrounding cortical areas (Pir, PRh, and LEnt) decreases dramatically once the kindled state is established. Of interest, the parahippocampal cortices are strongly connected to the motor cortex, where we also observed a significant increase in c-Fos immunoreactivity, and these direct projections are critical for the propagation of convulsive limbic seizures. 12 Our results demonstrate that 6 Hz corneal fully kindled mice exhibit cognitive and psychiatric comorbidities that clustered into the positive (ie, basal and AMPH-induced hyperlocomotion), negative (ie, anhedonia and social withdrawal), and cognitive (ie, memory deficits) domain. Because both basal and AMPH-induced locomotor activity were increased in the 6 Hz corneal kindling mice compared to their mock-stimulated littermates, our results might point to enhanced mesolimbic dopaminergic activity once the fully kindled state is established. Several biologic mechanisms might be implicated. Seizure activity, known to enhance dopaminergic neurotransmission in kindling models, might lead to sensitization of the dopaminergic receptors and increased behavioral response to dopaminergic agonists. 21 In addition, seizure-induced synaptic plasticity and neurogenesis, known to take place during kindling in several brain structures such as striatum and Pir, could further contribute to dopamine sensitivity. 22 Because pharmacologic inactivation of the ventral hippocampus has been shown to normalize the response to 0.5 mg/kg AMPH in an animal model of schizophrenia and we observed enhanced hippocampal c-Fos immunoreactivity in the 6 Hz corneal kindling model, we hypothesize that hippocampal hyperactivity itself might be the trigger for the behavioral response observed in our model. 23 In addition to the hippocampus, amygdala hyperactivity has also been linked to positive symptoms. 24 Moreover, we cannot exclude that corneal stimulations indirectly kindled other regions of the mesolimbic dopaminergic system, such as the VTA or the NAC. Besides hyperlocomotion, anhedonia and social withdrawal, as well as deficits in learning and spatial and fear memory, were observed in 6 Hz corneal kindled mice. In humans, anhedonia correlates positively with social impairments and is thought to reside in the orbitofrontal cortical circuits according to the decreased c-Fos immunoreactivity we observed in this region once the fully kindled state is established. 25 Although its functions might differ between human and other animal species, the orbitofrontal cortex has been shown to be critical for learning and decision-making in rodents and nonhuman primates. 26 Lesion of the orbital cortex in primates interrupts the connectivity between prefrontal cortex and other important structures involved in emotional behavior, such as the amygdala, resulting in decreased freezing behavior, 27 suggesting modulatory properties of the orbital cortex on amygdala functions. Because c-Fos is thought to mainly reflect NMDA-mediated neuronal activity, we speculate that hypoactivity of the orbital cortex is mediated by glutamatergic dysfunctions; nonetheless, we cannot exclude that dopamine is also exerting modulatory functions. Both dopaminergic and glutamatergic signaling in the prefrontal cortex are indeed thought to underlie symptoms of the negative domain and cognitive deficits. 28 NMDA-receptor antagonists induce psychotomimetic symptoms, 28 whereas NMDA-receptor antagonists are well-established anticonvulsants. On the other hand, increased glutamate levels might potentially lead to excitotoxicity in epilepsy. 29 The notion that NMDA-receptor hypofunction modulates GABAergic inhibitory interneurons, disinhibiting pyramidal neurons and leading to increased glutamate release, might explain these contradictory observations. 29 It is intriguing that GABAergic synapses are strongly affected in epilepsy as well. 30 These observations suggest that psychotic symptoms might be triggered by the seizure-induced rewiring of the network, rather than by the alteration in single circuits. In addition to the frontal cortex, other cortical regions are associated with emotional and cognitive processes, 31, 32 and our data demonstrate that parahippocampal and Cg are strongly affected by 6 Hz corneal kindling. It is interesting that we observed an inverse correlation between the parameter used to assess social impairment (ie, time spent exploring the unfamiliar mouse) and c-Fos expression in PRh and LEnt cortices, regions strongly interconnected and functionally related. In addition, we observed aberrant c-Fos immunoreactivity in the hippocampus, critical for storage and retrieval of spatial memories, 34 and the amygdala, mainly responsible for fear-based memory, 35 suggesting that impaired activity in these regions might also underlie the behavioral alterations observed in our model. It is notable that the amygdala is critically interconnected to other cortical regions, in particular the orbitofrontal and the Cg. In fear conditioning, the abnormal neuronal activity might prevent the acquisition of fear memories in the PSA task. 36 In line with these observations, we demonstrate abnormal c-Fos immunoreactivity in the Cg, orbital and parahippocampal cortices, as well as amygdala and hippocampus in our 6 Hz corneal kindled mice. It is worth mentioning that a significant reduction in body weight gain was observed in 6 Hz corneal kindled mice. Besides leading to a permanent reduction in body weight, stressful experiences such as repeated inescapable shocks can lead to long-lasting behavioral alterations such as cognitive impairment 37 and disrupted social behavior, 38 together with increased c-Fos immunoreactivity in several brain regions, such as the amygdala. 39 Because the effect of 6 Hz corneal kindling on c-Fos expression might be (partially) mediated by stress, we should be careful when correlating behavioral outcomes to c-Fos immunoreactivity.
To conclude, our behavioral characterization demonstrated the face validity of the 6 Hz corneal kindling model in reproducing several comorbidities of epilepsy. In addition, we mapped c-Fos immunoreactivity throughout the brain, suggesting specific brain circuits that might be involved in the observed behavioral outcomes. The 6 Hz corneal kindling model may therefore become a useful research tool for studying the pathogenesis of limbic seizures accompanied by cognitive and neuropsychiatric comorbidities.
